In western North America, the ecological needs of anadromous salmonids are frequently used to guide 28 environmental management as a surrogate for other riverine species (Nehlsen et al. 1991; Faith and Walker 1996; 29 Ruckelshaus et al. 2002) . However, this approach is potentially flawed as it may lead to management strategies that 30 diverge from mimicking natural conditions to focus on species-specific requirements without consideration of, and 31 often to the detriment of, sympatric non-target species (Simberloff 1998; Dale and Beyeler 2001) . Lampreys 32 (Petromyzontidae) occur in large river systems around the world and are not typically the focus of environmental 33 management in their range (Mesa and Copeland 2009; Renaud 2011) . However, concern for their conservation 34 status is increasing with over half of the lamprey species in the Northern Hemisphere extinct, endangered, or 35 vulnerable in at least part of their range (Renaud 1997) . 36
The Pacific Lamprey (Entosphenus tridentatus) has recently emerged as a conservation priority as its distribution 37 contracts and populations decline. Pacific Lamprey was historically one of the most widely distributed anadromous 38 species along the Pacific Rim (Reid and Goodman 2015) , with a North American distribution spanning from 39 northern Mexico to Alaska (Ruiz-Campos and Gonzalez-Guzman 1996; Mecklenburg et al. 2002) . Since 1997, the 40 southern extent of the species has shifted north over 800 km (Goodman and Reid 2012; Ruiz-Campos et al. 2014) . 41
Adult upstream migration historically covered distances of nearly 1,400 river km and elevations over 2,100 m 42 (Alturas Lake, Idaho, USA, Everman and Meek 1896). However, many historically occupied upstream reaches are 43 now inaccessible due to impassible dams (Luzier et al. 2011; Goodman and Reid 2012) . The few long-term counts 44 available indicate that large reductions in population size have occurred over the last few decades and earlier (Close 45 et al. 2002) . 46
Pacific Lamprey exhibit a complex life-cycle. As adults in the marine environment they are opportunistic parasites, 47 D r a f t 4 metamorphosis begins as eyes, teeth and a suctoral disc develop in preparation for migration to marine feeding 54 grounds (hereafter emigration) as macrophthalmia (McGree et al. 2008) . 55
The emigration of macrophthalmia may be a limiting factor for those populations that encounter altered streamflow 56 regimes, diversions and misleading environmental cues. Observations of Pacific Lamprey emigration in several 57
Pacific Northwest streams have suggested an association with environmental correlates (van de Wetering 1998; 58 Beamish 1980; Beamish and Levings 1991; Moser et al. 2012 ). However, due to the lack of long-term data sets, 59
monitoring programs focused on salmonid life history timing and difficulty sampling during high streamflow events, 60 insufficient data has been available to characterize inter-annual variation within populations or develop quantitative 61 relationships with environmental variables. Recently, a long-term and year-round emigration study was completed 62 on the Sacramento River near the town of Red Bluff, California. Herein, we leverage this dataset to examine 63 emigration timing over a 10-year period and explore associations with a set of environmental factors. 64 hr. duration were made throughout the day and night. Daily lamprey catches were tallied and identified to life stage 98 and species. Total length was measured on a representative subset of fish and typically included up to 20 individuals 99 per trap depending on catch. We limited this analysis to Pacific Lamprey macrophthalmia. 100 D r a f t 6 capture efficiency (e.g., mark-recapture data) were available; therefore daily catch was treated as an index and not 106 an abundance estimate. Trap capture efficiency likely decreased at times of elevated streamflow due to increased 107 water depth and reduction in the proportion of the water column sampled by traps (Volkhardt et al. 2007) . 108 Therefore, these analyses likely provided a conservative estimate of emigration during elevated streamflows. 109
MODELING OF ENVIRONMENTAL VARIABLES 110
We investigated the role of environmental factors in emigration by relating daily catch to a set of candidate 111
variables. The variables considered in this analysis included flow, number of days from rain event (DFE), turbidity, 112 temperature, precipitation and moon phase (Wedemeyer et al 1980; Roper and Scarnecchia 1999; Sykes et al. 2009; 113 Jensen et al. 2012) . Mean daily streamflow (m 3 s -1 ) of the Sacramento River was measured using the U.S. Geological 114 Survey Bend Bridge gauge (USGS 11377100) about 25 km upstream from the sampling site and below all major 115 tributaries. The number of days from a rain event was calculated to associate catch with the time following a peak 116 streamflow event. We used rainfall accumulations in excess of 5 mm per day rather than a streamflow threshold to 117 define events. Rainfall provided several advantages including unbiased identification of events (Melillo et al. 2013) , 118 and event characterization in smaller un-regulated tributaries not represented in main channel flow gauges (due to 119 dam management). Daily rainfall totals were measured in the town of Proberta, California, 12 km south of Red Bluff 120 (COOP ID 047293). Mean daily water temperature was measured at the U.S. Bureau of Reclamation facility at Red 121 Bluff Diversion Dam (CDEC ID RDB). Temperature was included as it has been shown to affect migration behavior 122 in other fish species (Holtby et al 1989; Keefer et al. 2008 ) and can be used represent seasonal variation. Daily moon 123 phase was derived using the phenology contributed R package (Girondot 2013) and has been related to emigration 124 behavior in other species (Wedemeyer et al 1980) . Turbidity was excluded from the analysis due to the high 125 correlation with DFE. 126
Our goal was to evaluate the association of emigration timing with environmental variables. As such, we limited all 127 analyses to a combined daily catch of more than two individuals to avoid counts more indicative of simple 128 movements of few individuals. Consequently, observed counts of one or two lamprey were converted to zero for the 129
Early evaluations of our data indicated a greater proportion of zeros and larger variance-to-mean relationships than 133 expected under standard count distributions. The data also exhibited autocorrelation due to the fine temporal scale of 134 our measurements (daily). Therefore, we evaluated the association between catch and environmental variables via a 135 zero-inflated autoregressive generalized linear model (Yang et al. 2013) , with a negative binomial distribution (log 136 link) to model the counts, a binomial distribution (logit link) to model the zero inflation, and an autoregressive 137 sampling, except that sample duration was shorter and multiple sets occurred per 24-hour period. . Although 153 sampling durations were roughly 3 hrs each, actual minutes of sampling differed, depending on date. Day sample 154 duration ranged from 2.3 -4.0 hrs (n=215, mean 2.93 hrs). Night sample duration ranged from 2.8 -4.0 hrs (n=177, 155 mean 3.50 hrs). For purposes of comparability in descriptive statistics, all sample collection times were 156 standardized to a 6 am/6 pm sunrise/sunset. We used samples only if they were taken completely in the day or night.D r a f t 8 more complex model with these reduced data. For this model, we started with the set of explanatory variables 160 selected via AIC for the zero-inflation component of the larger analysis described above. To these terms we added 161 an offset to account for the varying durations of the diel samples, and a factor representing the daytime and 162 nighttime periods. This allowed us to test for differences between day and night after accounting for the 163 environmental cues our larger analysis deemed associated with emigration counts. Finally, due to the methods for 164 selecting days to conduct diel sampling as described above, we did not need to include an autoregressive component 165 to our logistic regression model. 166
RESULTS

167
We sampled on 2,928 days of which 91% had no Pacific Lamprey macrophthalmia catch greater than 2 individuals. 168
When more than 2 emigrants were observed, the median daily catch was 8 fish (range=3 to 4,047). Emigration was 169 typically synchronized with 90% of fish found in daily catches of at least 50 individuals (Figure 3 
MODELING OF ENVIRONMENTAL VARIABLES 180
The initial step of the model selection led to retention of the DFE, streamflow, and temperature terms for modeling 181 the size of emigration counts, and retention of DFE and temperature terms for modeling the probability of an 182 emigration event (Table 1) . After considering all pairwise interactions among these retained terms, our selected 183 statistical model included interactions of DFE with both streamflow and Temp for the size of emigration counts and 184 an interaction of DFE with temperature for the probability of an emigration event (Table 1) . Since all retained termsD r a f t 9 in our statistical model resulted in inclusion in at least one interaction, simple interpretation of each estimated model 186 coefficient (Table 2) was not appropriate (Dean and Voss 1999, p. 138) . Instead, we interpret the estimated effects 187 of our model terms via interaction plots. 188
For both the probability of an emigration event and the number of expected emigrants, there was strong evidence of 189 effects due to DFE, but these effects interacted with temperature (zero-inflation model) or temperature and 190 streamflow (count model) ( Table 2) . For warmer temperatures, the probability of a zero-count (i.e., no emigration 191 event) was high regardless of DFE, but for cooler temperatures the probability of an emigration event was strongly 192 associated with DFE ( higher levels of river streamflow, the expected number of daily emigrants was highest in days most proximal to rain 196 events; however, the effect of DFE was stronger at higher streamflow than lower ( Figure 6 ). Overall, 93% of 197 macrophthalmia were caught within two days of rainfall events which ranged from 69% and 99% by water year. greater than three (n = 10) occurred in samples with start times from 6:00 to 7:00 am and ending before 10:40 (n = 215 49, adjusted count = 466), with only ten macrophthalmia caught in all Day samples starting after 7:00 (n = 166). 216
After accounting for the effects of temperature and days from rain event, there was strong evidence that emigration 217 events are more likely at night than during the day (p-value <0.0001). The odds of emigration events occurring at 218 night are estimated to be 7.6 times greater (95% CI: 3.7 to 15.7 times greater) than during the day. 219 DISCUSSION 220
We found emigration of Pacific Lamprey to be associated with rainfall events and high streamflows in the winter 221
and spring, such that timing is primarily dependent on annual streamflow or rainfall patterns rather than occurring in 222 a particular season of the year. In a managed river, such as the Sacramento, we found rain events to be a better 223 predictor of migration than streamflow in the mainstem, since they drive streamflows in tributaries that, while they 224 may be locally significant, often do not substantially alter mainstem streamflow magnitudes. In a free flowing river, 225 the use of the rainfall surrogate for flow events would not be needed as mainstem and tributary flows would 226 typically be synchronized. Furthermore, we found high inter-annual variation in migration timing and the majority 227 of emigrants within and just after rainfall events, regardless of date, suggesting that emigration timing is more 228 dependent on streamflow or rainfall patterns than on calendar periods. 229
Pacific Lamprey emigration timing is closely tied to environmental cues and in particular rain events. The effect of 230 days from event (DFE) interacted with other environmental characteristics, however this may be related to general 231 seasonal patterns rather than specific emigration cues. The variation in the temperature variable is primarily seasonal 232 with lower water temperatures in the winter months, which coincides with shorter day lengths, relatively low 233 ambient air temperatures and most rainfall events. Similarly, natural streamflow is typically higher in winter and 234
Most emigration in this study occurred at night and in the early morning, when ambient light levels are still 239 relatively low (Figure 7) . These results further support previous lab studies and anecdotal field observations that 240 macrophthalmia are most active at night. Lab experiments showed highest swimming activity starting about an hour 241 after sunset and declining until about three hours after sunrise when activity ceased through midday and afternoon 242 until the subsequent sunset (Moursund et al 2000, Figure 18 ). Emigration was also primarily at night in the upper 243
Fraser Drainage, Canada; however, near the mouth of the Fraser, as macrophthalmia approached the sea, 244 emigrations were observed throughout the day (Beamish and Levings 1991). Our site is 390 km upstream from the 245 mouth of the Sacramento River and relatively close to upstream source rearing habitat. It would be interesting to see 246 whether diel patterns change as the macrophthalmia move lower in the system. 247
We found considerable variation in both temporal dispersion and median emigration time among years in Pacific 248
Lamprey, which greatly exceeded that of sympatric anadromous salmonids. Emigration behavior of salmon in the 249 Sacramento River is confused by the existence of multiple or temporally overlapping stocks; however, Pacific 250
Lamprey can be compared to sympatric salmonids in other rivers. Dispersion of migration events for Pacific 251 Lamprey in our 10-year study (range=0 to 71 days) was twice as high as found in 53 populations of Coho Salmon, 252 (Figure 2) . 326
Un-dammed tributaries downstream from dams may still follow the natural streamflow regime, peaking during 327 winter storm events and triggering emigration; however, these events are often not synchronized with mainstem 328 flows. As a result, macrophthalmia migrating out of the tributaries may encounter unsuitable conditions once they 329 enter the mainstem, particularly in proximity to dams, including lower than expected streamflows (transport rates) 330 and lower turbidity (light levels and predation). The results of this study are observational in nature leading to some limitations in inference, but may be used to 382 guide future experimental research and the development of management tools for recovery. In our analysis, more 383 emigrants were related to larger flow however, emigration occurred even at low flows in some cases when proximal 384 to rain events. This suggests the occurrence of an event may be the primary factor causing emigration rather than the 385 magnitude of the event. Experimental releases from upstream dams could be used to test the relative importance of 386 these factors in triggering emigration. Rainfall (mm)
